Introduction {#S5}
============

Total parenteral nutrition (TPN) is essential for the survival of critically ill infants who cannot be enterally fed. Early initiation of TPN in infants cared for in the neonatal intensive care unit (NICU) also improves brain growth and mediates the effects of critical illness on later growth and long-term neurodevelopmental outcomes ([@R1],[@R2]). Despite these benefits, animal studies suggest that TPN may significantly alter the bacterial colonization of the intestinal tract ([@R3]). Lower overall microbial diversity and expansion of potentially pathogenic bacteria are seen in the intestinal microbiome of enterally deprived animals receiving TPN ([@R4],[@R5]). Importantly, TPN-associated alterations in the gut microbiome is associated with increased expression of pro-inflammatory cytokines within the intestinal mucosa and loss of intestinal barrier function ([@R4]). To date, there are limited data regarding the longitudinal changes in the gut microbiome of humans receiving TPN.

Adverse outcomes in NICU infants such as necrotizing enterocolitis (NEC) and parenteral nutrition-associated liver disease (PNALD) have been associated with specific changes in the microbiome. NEC is a potentially life-threatening intestinal disease that occurs in approximately 7% of infants with birth weight less than 1500 gm ([@R6]). Death occurs in 15 -- 42% of affected infants, and survivors are at risk for adverse long-term outcomes including neurodevelopmental delay ([@R7],[@R8]). PNALD can be a devastating hepatic complication of long-term intravenous nutrition. The incidence of PNALD ranges from 40--85% in infants receiving prolonged TPN ([@R9]), with a clinical spectrum that ranges from steatosis and cholestasis to hepatic fibrosis, cirrhosis, and potential death ([@R10]). While the cause of both NEC and PNALD is likely multifactorial, alterations in the gut microbiome characterized by lower diversity, lower abundance of Bacteroidetes and Firmicutes, and higher abundance of Proteobacteria has been reported in infants with each disease, relative to controls ([@R11],[@R12]).

If TPN alters the microbiome, it may contribute to adverse outcomes in NICU infants. However, the progressive changes that occur in the gut microbiome of neonates receiving TPN are unknown. The primary objective of this study was to compare the fecal microbiome of infants receiving TPN and control infants who did not receive TPN. The secondary objective was to explore the impact of TPN while adjusting for other factors known to alter the microbiome of infants in the NICU.

Methods {#S6}
=======

Study subjects {#S7}
--------------

This prospective, longitudinal cohort study was approved by the Institutional Review Boards at the Children's Hospital of Wisconsin and Medical College of Wisconsin and conducted in the Children's Hospital of Wisconsin Neonatal Intensive Care Unit (NICU) and the Froedtert Hospital Newborn Nursery between May 2014 and May 2016. Written informed consent was obtained from parents or legal guardians. Infants ≥ 32 weeks gestational age at birth were recruited for study participation if they did not have primary liver disease, anatomic liver anomalies, metabolic disease or known genetic or chromosomal defects. This gestational age cutoff was chosen because of the higher likelihood of having infants of similar gestational age who did not receive TPN to serve as controls. Cases were infants who received TPN with soy lipid, controls were infants who did not receive TPN or soy lipid. Due to the potential for prolonged antibiotics to significantly influence the microbiota, infants who received antibiotics for \> 10 days were excluded from the study.

All participants received routine care as determined by the providing physician. The provision of TPN with soy lipid followed pre-established NICU guidelines. In general, intravenous amino acid (provided as TrophAmine, B. Braun, Irvine, CA) was initiated at a dosage of 3 gm/kg/day and advanced to a maximum of 3.5--4 gm/kg/day in preterm infants and a maximum of 3 gm/kg/day in term infants, soy lipid (provided as Intralipid 20%, Fresenius Kabi, Uppsala, Sweden) was initiated at 2 gm/kg/day and advanced to a maximum of 3 gm/kg/day, and carbohydrates were initiated at a glucose infusion rate of 4--6 mg/kg/minute and advanced to a maximum of 10--12 mg/kg/minute. Breast milk was the primary source of enteral nutrition if available, otherwise formula was provided. No probiotics were given to any study participant.

Demographic and clinical data were collected from the medical record. Demographic information included gestational age and growth parameters at birth, sex, race, and mode of delivery. Clinical data consisted of diagnoses and surgical procedures. Daily nutritional, medication, and laboratory data including total and conjugated bilirubin were recorded. Cholestasis was defined as a serum conjugated bilirubin ≥ 2 mg/dL. Study data were collected and managed using the Research Electronic Data Capture (REDCap) system, a secure, web-based application used for data capture and management in clinical and translational research ([@R13]).

Sample collection and processing {#S8}
--------------------------------

Fecal samples were obtained weekly for the first 4 weeks of life. If more than one stool was collected for a given week, only the first stool obtained in the week was used. For each collection, fresh stool was placed in RNAlater, rocked overnight at 4°C, and stored at −80°C until processed. For infants discharged home before a month of age, parents/guardians were provided with collection kits, including sterile vials prefilled with RNAlater, and instructed on the proper procedures for stool collection. Fecal samples collected by parents/guardians were returned via overnight mail for the remaining weeks of stool collection, and were rocked and stored in a similar fashion until processed.

Microbial genomic DNA was isolated from fecal samples using the MoBio PowerSoil® DNA Isolation kit (MoBio, Carlsbad, CA) following the manufacturer's guidelines. Polymerase chain reaction (PCR) amplification using primers targeting the V4 region of the bacterial 16S rRNA gene, gene sequencing using the MiSeq platform (Illumina, San Diego, CA), and compositional analysis using the UPARSE algorithm and SILVA Database ([@R14],[@R15]) were performed by Diversigen, Inc. (Houston, TX). For a full description of PCR amplification gene sequencing, and compositional analysis, see [Supplementary Methods](#SD1){ref-type="supplementary-material"}.

Data Analyses {#S9}
-------------

Samples with low sequencing reads of less than 1000 were removed prior to data analyses. Identification of bacterial taxa and their abundance, and comparative analyses of samples followed protocols from the Human Microbiome Project (HMP) ([@R16],[@R17]). Briefly, bacterial taxonomy (genus and species) was quantified by determining operational taxonomic units (OTUs) and richness of the microbiota was determined using the total number of taxonomic units. The Shannon diversity index, which represents the sum of the relative proportion of bacterial species, was used to determine microbial diversity within each sample (alpha diversity). A Bray-Curtis distance matrix of normalized OTU counts and principal coordinate analysis were used to compare the distribution of bacterial species among samples (beta diversity). Permutational Multivariate Analysis of Variance (PERMANOVA) using distance matrices was used to compare beta diversity between groups; and a homogeneity of dispersion test was used to investigate the differences in group homogeneities. Bacterial diversity, presence or absence of specific bacterial groups, and quantitative differences in abundance were determined for each weekly stool sample of subjects receiving TPN and controls without TPN. Microbial abundance was standardized to the median sequencing depth for each sample. Sparse phyla with zero OTU in more than 75% of the data were excluded from the analyses because they were unlikely to contribute to the overall composition of any given sample.

Categorical data were compared using Chi-square or Fisher's exact test. For continuous variables, normally distributed data were compared using t-test or ANOVA, and data that were not normally distributed were compared using a nonparametric Wilcoxon-Mann-Whitney test. All tests were conducted as two-tailed tests with a P-value \< 0.05 considered statistically significant. Unless otherwise stated, the data are expressed as median and interquartile range (IQR).

A linear mixed model (LMM) was used to examine the relationship between TPN (yes vs no) and Shannon alpha diversity over time. An unstructured covariance structure was used to account for correlations within a patient. A generalized linear mixed model (GLMM) was used to determine the association between TPN and relative abundance over time. Proportions were transformed using an arcsine square-root transformation or logit transformation to ensure fit. Overall relative abundance of the different phyla by groups was summarized by means and the p value was based on the model. For count data, to correct for overdispersion, a negative binomial distribution was used. The intercept was modeled as random. Maximum likelihood estimation was used and missing data were assumed to be at random. Stata Version 14.0 (Stata Corporation, College Station, TX), R (<https://www.R-project.org/>), and SAS Version 9.4 (SAS Institute, Cary NC) were used for statistical analyses.

Results {#S10}
=======

Study Population {#S11}
----------------

A total of 47 infants were eligible for analyses, 25 infants received TPN and 22 control infants did not receive TPN. Overall, study participants had a median gestational age of 36.1 weeks (IQR 34.9 -- 37) and birth weight of 2.56 kg (IQR 2.27 -- 3.03). Demographic and clinical data of infants who received TPN and controls are shown in [Table 1](#T1){ref-type="table"}. Gestational age and birth weight were similar between infants who received TPN and controls. There were also no differences in the distribution of gender, race, or mode of delivery between the 2 groups. Infants who received TPN were more likely to have a gastrointestinal (GI) diagnosis on admission, undergo GI surgery, and receive antibiotics. For infants who received TPN, median age at the start of TPN was 1 day of life (IQR 1 −1) and median TPN duration was 20 days (IQR 14 -- 25). Initiation of enteral feeds was significantly later in infants who received TPN. No patients received probiotics.

Overall taxonomic composition of the gut microbiota {#S12}
---------------------------------------------------

A total of 134 fecal samples were available for analyses, with a median of 3 samples per patient in each group. An average of 22,712 gene sequences (range 3,150 -- 33,307) were generated per sample, and an average of 24 discrete bacterial taxa (or OTUs) were present per sample. Overall, the taxonomic composition of the gut microbiome of study infants was dominated by only a few phyla during the first month of life. Among all taxa, Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, and Verrucomicrobia were the dominant phyla, representing 46%, 45%, 4%, 4%, and 1% of the total reads, respectively. Gammaproteobacteria, Bacilli, and Clostridia were the dominant classes (45%, 28%, and 11% of total reads, respectively).

Compositional differences in the microbiota: TPN versus Controls {#S13}
----------------------------------------------------------------

[Figure 1A](#F1){ref-type="fig"} shows group comparisons in the overall relative abundance of the different phyla between infants who received TPN and control infants who did not receive TPN. While there were subtle differences in the relative abundance of most phyla between groups, the proportion of Bacteroidetes was significantly higher in the control group compared to the TPN group (9% vs 0.1%, P-value \< 0.001).

Longitudinal differences in the composition of the gut microbiome between groups in the first 4 weeks of life are shown in [Figure 1B](#F1){ref-type="fig"}. In both groups, there was variability in the relative abundance of the different phyla from week to week. This variability appeared less pronounced for Firmicutes and Proteobacteria in weeks 3 and 4 in the control group. Bacteroidetes was again enriched in the control group, with a significant difference in its relative abundance in weeks 1, 2, and 4 compared to the TPN group (P-values \< 0.05 for all comparisons). Group differences were also seen at the genus level. Differences in the relative abundance of the most dominant genera in each phylum between TPN and control groups in the first 4 weeks of life are shown in [Figure 2](#F2){ref-type="fig"}. In almost all weeks, infants in the TPN group had virtually no bacteria in the genera *Bifidobacterium* and *Bacteroides*, whereas infants in the control group had a paucity of bacteria in the genera *Akkermansia* compared to TPN infants. The top 10 most abundant genera in each group are shown in [Supplemental Table 1](#SD1){ref-type="supplementary-material"}.

Differences in biodiversity over time {#S14}
-------------------------------------

Community level comparisons of the gut microbiome between groups were also performed. Alpha diversity, or the richness and evenness of the species in the microbiome community, in each group is shown in [Figure 3](#F3){ref-type="fig"}. There was no difference in alpha diversity between groups in the first week of life. In both groups, diversity fell between the first and second weeks of life. For infants who received TPN, this lower diversity persisted through to week 4. In contrast, the diversity of control infants increased at the end of the month and was significantly higher than the TPN group (P-value = 0.03). In order to examine whether the relationship between TPN and alpha diversity over time was influenced by other factors, TPN and Shannon index were modeled with the inclusion of mode of delivery, treatment with proton pump inhibitor (PPI) or histamine-2 receptor antagonist (H2 blocker), and type of enteral feeding. Due to the small sample size, each covariate was assessed in the model with TPN exposure individually. Notably, the difference in alpha diversity between groups at week 4 remained significant when mode of delivery, treatment with PPI or H2 blocker, and type of enteral feeding were each included in the analyses (P-value \< 0.05 for all comparisons). Beta diversity, or the microbial community compositional differences among samples, was explored using principal coordinates analysis (PCoA) on Bray-Curtis distance measurements in each group ([Supplemental Figure S1](#SD1){ref-type="supplementary-material"}). There were no differences in beta diversity between TPN and control groups for any week (P-values \> 0.1 for all weeks), although the small sample size in this study may have precluded the detection of significant differences in overall community structure.

Association of TPN exposure and differences in phyla abundance over time {#S15}
------------------------------------------------------------------------

Model estimates and standard error of phylum abundance in each group during the first 4 weeks of life are shown in [Figure 4](#F4){ref-type="fig"}. In almost all weeks, there was significantly lower abundance of Bacteroidetes and higher abundance of Verrucomicrobia in the TPN group compared to controls (P-value \< 0.05 for all comparisons). These differences became more pronounced over time. The patterns of abundance over time and differences between TPN and control groups were relatively unchanged when mode of delivery and treatment with PPI or H2 blocker medication were each included in the model. ([Supplemental Figure S2](#SD1){ref-type="supplementary-material"}).

We explored the influence of enteral feeding on the compositional changes associated with TPN. Modeled estimates of phylum abundance were examined in weeks 1 and 4 in a subgroup of 10 TPN infants who received TPN in the first week of life and were weaned off of TPN and receiving full enteral feeds at week 4, compared to 10 control infants who also had fecal samples in both weeks 1 and 4 ([Supplemental Figure S3](#SD1){ref-type="supplementary-material"}). Despite the subsequent receipt of full enteral feeding, significantly lower Bacteroidetes and higher Verrucomicrobia was still observed in the TPN subgroup at the end of the study period.

Taxonomic composition of the gut microbiota of patients with cholestasis {#S16}
------------------------------------------------------------------------

Five infants in the TPN group were later found to have cholestasis. Median time to develop cholestasis was 29 days (IQR 24 -- 29). Several of these infants had rare fecal samples in the first 4 weeks of life, making it difficult to assess progressive changes in the microbiome during this period. However, fecal samples were obtained and analyzed for each infant at the time they developed cholestasis ([Figure 5](#F5){ref-type="fig"}). In all 5 infants, Proteobacteria was the most prominent phylum, with a relative abundance of \> 69%.

Association of antibiotics and alpha diversity {#S17}
----------------------------------------------

The majority of infants in the TPN group received antibiotics, and antibiotic use in this group was complex with differences in types of intravenous antibiotics, dosages, durations of usage, and number of antibiotic courses among infants. While it was not possible to control for these differences, we sought to explore the impact of antibiotics and TPN on changes in microbial diversity of study infants over time. To do this, we compared the alpha diversity in the first 4 weeks of life of 10 TPN infants and 13 control infants who all received a short course of intravenous antibiotics for ≤ 3 days immediately after birth ([Supplemental Figure S4](#SD1){ref-type="supplementary-material"}). Although there was a trend toward lower alpha diversity in the TPN compared to control group at week 4, the difference was not significant (P-value = 0.22).

Discussion {#S18}
==========

This is the first study to characterize progressive changes in the microbiome of newborn infants receiving TPN. We identified differences in the gut microbiome of infants who receive TPN and those who did not. Although biodiversity is initially similar between groups after birth, TPN is associated with persistently low alpha diversity in the first 4 weeks of life. Infants receiving TPN have significantly lower abundance of Bacteroidetes and higher abundance of Verrucomicrobia compared to controls, and these differences between groups become more pronounced over time. Taken together, these findings suggest that enteral deprivation with TPN may alter the pattern of gut microbial colonization of NICU infants.

Laboratory studies using different animal models have reported significant changes in the microbiome associated with TPN-dependence and enteral deprivation. These changes are characterized by reduced bacterial diversity with a relative expansion of pathogenic bacteria ([@R3]). Compared to enterally fed newborn piglets, those receiving TPN had lower microbial diversity and enrichment of toxin-expressing or mucolytic Clostridium species ([@R5],[@R18]). In mice, TPN administration was associated with a shift in the microbial composition from predominantly Firmicutes to predominantly Proteobacteria and Bacteroides ([@R4]).

Data regarding changes in the microbiome of humans receiving TPN have been limited, with most prior reports involving older populations with specific diseases or conventional culture techniques. In children and adults with short bowel syndrome, those with TPN-dependence were reported to have lower intestinal microbial diversity and higher relative abundance of Proteobacteria compared to those who had been weaned from TPN and healthy controls ([@R19],[@R20]). Adults with Crohn's disease exhibited lower diversity and a significant increase in *Enterococcus* species after initiation of TPN ([@R21]). In a post hoc analysis of data obtained using traditional culture techniques and collected in a prospective study of preterm infants at risk for sepsis, Parm *et al* found an association between TPN and reduced colonization of Gram-negative and Gram-positive bacteria ([@R22]). Our data further extend these observations to identify specific changes that occur in the developing microbiome over time in infants receiving TPN.

Consistent with the published literature, we found alterations in the gut microbiome in infants receiving TPN compared to control infants who did not receive TPN. We observed persistently low bacterial diversity in the TPN group over time. In both groups, there was a decline in alpha diversity by the second week of life. The etiology for this decline is unclear but may be associated with antibiotic exposure in many infants after birth. By the end of the study period, we found increased diversity in the control group. This diversification may represent processes involved in the maturation of the infant microbiome after birth. In a recent study of term infants, Chu *et al* reported maturation of the newborn microbiome during the first several weeks of life with significant reorganization of microbial community structure characterized by expansion and diversification by the sixth week of life ([@R23]). In contrast, infants receiving TPN demonstrated persistently low diversity over the study period. These results suggest that, over time, TPN alters the colonization pattern and delays the maturation of the developing gut microbiome.

By analyzing serial fecal samples, we were able to model longitudinal changes in the microbiome to examine the pattern of microbial colonization in the two study groups. In all weeks, we found fewer Bacteroidetes, specifically *Bacteroides*, in infants receiving TPN compared to controls. Interestingly, *Bifidobacterium* were also lower in the TPN group throughout the study period. Lower abundance of these bacteria may have consequences for early intestinal immunity and resistance to colonization by pathogens. As putative beneficial commensals and pioneer bacteria in the newborn gut, both *Bacteroides* and *Bifidobacterium* are essential for colonization of the gastrointestinal tract and educating the developing immune system ([@R24]). Capsular polysaccharide A of *Bacteroides fragilis* activates IL-10, and decreases activation of the innate immune response by increasing secretory IgA production and regulating the balance between helper T-cells ([@R25],[@R26]). In vitro, secreted products from *Bifidobacteria* downregulate proinflammatory IL-8 and IFNγ cytokines and upregulate anti-inflammatory pathways by increasing IL-10 production ([@R27]). In addition, production of acetate by *Bifidobacteria* protects against colonization of pathogens ([@R28]). Given the role of *Bacteroides* and *Bifidobacterium* in immunotolerance and colonization resistance, it is possible that the persistently low abundance of these bacteria may predispose infants receiving TPN to intestinal inflammation and facilitate expansion of pathogenic bacteria.

Verrucomicrobia were significantly enriched in the infants receiving TPN relative to controls. Elevated Verrucomicrobia, particularly *Akkermansia muciniphila*, was similarly reported in mice following TPN ([@R4]). *Akkermansia muciniphila* is a mucous-degrading bacteria whose growth is favored when there is low availability of enteral nutrients such as during fasting and malnutrition ([@R29]). We suspect that the persistence of Verrucomicrobia in our TPN group is likely due to the lack of enteral nutrition that accompanies the TPN-dependent state, as we also observed the decline of this phylum in control infants who were enterally fed.

Interestingly, recent data suggest a link between *Akkermansia muciniphilia* and the intestinal mucosal immune system. Mice treated with *Akkermansia muciniphilia* had beneficial increases in intestinal regulatory T-cells and goblet cells ([@R30]). However, Seregin *et al* found evidence that *Akkermansia muciniphilia* can act as a harmful pathobiont to promote colitis by upregulating proinflammatory cytokines in genetically susceptible mice ([@R31]). Whether *Akkermansia* is beneficial or harmful likely depends on genetic as well as environmental factors. Our finding of *Akkermansia* only in the TPN group is likely due to its ability to thrive during periods of nutrient deprivation; however, we postulate that persistent degradation of mucin by *Akkermansia muciniphilia* during prolonged periods of enteral deprivation may lead to a thinner intestinal mucous layer, loss of intestinal barrier function, and subsequent microbial-driven inflammation that has been reported with prolonged TPN administration ([@R4]).

Although we found a trend toward higher abundance of Proteobacteria in infants receiving TPN over time, this did not reach statistical significance. Gram-negative bacteria, such as Proteobacteria, modulate the host's immune system by promoting a proinflammatory state. In enterally deprived mice receiving TPN, an increase in the abundance of Proteobacteria was associated with increased toll-like-receptor (TLR) signaling and increased expression of proinflammatory cytokines within the intestinal lamina propria. These changes were accompanied by phenotypic signs of compromised intestinal barrier function including increased bowel wall permeability and mucosal atrophy ([@R4]). It has been hypothesized that the enteral deprivation in the TPN-dependent state promotes the selective growth of starvation-tolerant Proteobacteria ([@R32]). In this study, enteral feeds were initiated after a relatively short period of approximately 2 weeks in infants receiving TPN, and it is possible that longer periods of enteral deprivation may further promote Proteobacteria survival. Based on our findings, we also speculate that the lower abundance of beneficial commensals such as *Bifidobacterium* and *Bacteroides* may contribute to gradual enrichment of Proteobacteria in infants receiving TPN.

Mode of delivery, use of proton pump inhibitor or H2 blocker medication, and enteral feeding have all been reported to significantly alter the microbiome ([@R33],[@R34]). Due to the small sample size of this study, we could not simultaneously control for all of these factors. However, when each was separately included into the analyses along with TPN, differences in alpha diversity and patterns of abundance of the dominant phyla between infants with TPN and controls remained significant, and indicates that TPN is an important factor affecting the developing gut microbiome. Larger studies are needed to further examine the combined effects of these variables.

The relevance of lower diversity and decreased relative abundance of Bacteroidetes in infants receiving TPN should be considered in the context of the alterations in the gut microbiome seen in diseases that affect NICU infants, such as NEC and PNALD. For both diseases, lower alpha diversity has been reported in affected individuals compared to controls ([@R12],[@R35]). In a recent systemic review and meta-analysis of 14 studies comparing the intestinal microbiome of preterm infants who developed NEC to controls, Pammi *et al* found that the microbiome was characterized by decreased relative abundance of Firmicutes and Bacteroidetes and increased relative abundance of Proteobacteria prior to development of NEC ([@R11]). To our knowledge, there have been no published microbiome studies performed in infants with NEC that specifically examined the association with TPN. However, provision of TPN is directly related to enteral deprivation, and feeding practices that prolong enteral deprivation may increase the risk for NEC ([@R36],[@R37]).

Infants with short bowel syndrome and PNALD have been reported to have lower overall diversity and a shift from Firmicutes to Proteobacteria ([@R38]). In 5 infants who developed PNALD, we found that all had a predominance of Proteobacteria at the time of cholestasis. The lack of serial fecal samples in these infants preclude our ability to determine progressive changes in the microbiome that may have predisposed to development of the disease. Future studies with longer time periods are needed to better understand the alterations in the gut microbiome that occur with prolonged TPN use.

This study has limitations. The small size and short time course of our study limits our ability to examine how the microbiome changes with more prolonged TPN and the association of these changes with clinical outcomes. The majority of infants in our TPN group had enteral deprivation and GI pathology. While it is difficult to separate the influence of these factors on our findings, critically ill infants seldom undergo enteral deprivation without TPN in clinical practice. Current data in animals and humans suggest that the lack of enteral nutrition, as opposed to TPN itself, underlies the intestinal phenotype seen in the TPN-dependent state ([@R39],[@R40]). The clinical care of infants in the NICU is often complex, and it's uncertain how other NICU practices may contribute to the changes we observed. Only soy-based lipids were provided to infants receiving TPN, and the impact of alternative lipid emulsions on the infant gut microbiome require further investigation.

While 16S rDNA allowed us to efficiently examine the bacterial composition of the gut microbiome at multiple time points, it is a targeted approach and provides little information regarding microbial function. Multiple "-omic" approaches will be needed to further understand microbial-host interactions. These include metagenomic approaches that examine the entire gene content of communities to capture the functional potential of a microbial community; transcriptomics to identify active functional profiles of a microbial community under specific conditions; and metabolomics for information about interactions within a microbial community and between the microbial community and the host environment.

Conclusions {#S19}
===========

In this longitudinal cohort study, we found significant differences in the microbiome of NICU infants who received TPN and control infants who did not receive TPN. TPN is associated with persistently low alpha diversity in the first 4 weeks of life. Over time, there is lower diversity as well as a relative loss of Bacteroidetes and enrichment of Verrucomicrobia that occurs in the gut microbiome of NICU infants receiving TPN compared to controls. We speculate that TPN-associated alterations in the gut microbiome may predispose NICU infants to adverse outcomes such as necrotizing enterocolitis and PNALD.
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![Taxonomic differences between TPN and control groups.\
**(**A) Pie chart showing the overall differences in the relative abundance of the most abundant phyla between TPN and control groups. Taxa with \<1% relative abundance were combined as "Other". (B) Stacked bar graphs showing longitudinal differences in the relative abundance of the dominant phyla between TPN and control groups in the first 4 weeks of life.](nihms-1525951-f0001){#F1}

![Genera-level differences between TPN and control groups.\
Bar graphs showing differences in the relative abundance of the most dominant genera in each phylum between TPN and control groups in the first 4 weeks of life.](nihms-1525951-f0002){#F2}

![Community-level changes over time in TPN versus control groups.\
Differences in alpha diversity, or the richness and evenness of the species in the microbiome community, between TPN and control infants during the first 4 weeks of life. Shannon diversity index is shown on the y-axis and individual weeks are shown on the x-axis. Orange boxes indicate TPN group and blue boxes indicate control group. Box represents the 25^th^ and 75^th^ percentiles; line inside the box represents the median; error bars represent the minimum and maximum. \*P-value \< 0.05.](nihms-1525951-f0003){#F3}

![Phylum-level changes over time in TPN versus control groups.\
Differences in the abundance of the dominant phyla over time in TPN and control groups. Generalized linear mixed model estimates for log of the abundance are shown by the circles and standard error as the error bars. \*P-value \< 0.05.](nihms-1525951-f0004){#F4}

![Bacterial taxa in infants with cholestasis.\
Stacked bar graphs showing the relative abundance of the dominant phyla in 5 study infants who developed cholestasis. For all except patient B, data shown are from fecal samples collected during the week when cholestasis was first detected.](nihms-1525951-f0005){#F5}

###### 

Demographic and clinical characteristics

                                               TPN (n = 25)        Control (n = 22)    P-value
  -------------------------------------------- ------------------- ------------------- -------------------------------------------
  Gestational age (weeks)                      36.1 (35.4--36.4)   36.1 (33.7--37.1)   0.70^[a](#TFN2){ref-type="table-fn"}^
  Birth weight (kg)                            2.6 (2.4--2.8)      2.6 (2.1--3.2)      0.96^[a](#TFN2){ref-type="table-fn"}^
  Sex                                                                                  0.80^[b](#TFN3){ref-type="table-fn"}^
   Male                                        15 (60)             14 (64)             
  Race                                                                                 0.32^[c](#TFN4){ref-type="table-fn"}^
   White                                       17 (68)             18 (82)             
   Black                                       6 (24)              3 (14)              
   Hispanic                                    2 (8)               0 (0)               
   Asian                                       0 (0)               1 (4)               
  Delivery                                                                             0.63^[b](#TFN3){ref-type="table-fn"}^
   C-section                                   13 (52)             13 (59)             
  Admission Diagnoses                                                                  
  Prematurity                                  21 (84)             14 (64)             0.18^[c](#TFN4){ref-type="table-fn"}^
  Respiratory                                  9 (36)              14 (64)             0.06^[b](#TFN3){ref-type="table-fn"}^
  Gastrointestinal                             23 (92)             0 (0)               \<0.001^[c](#TFN4){ref-type="table-fn"}^
   Gastroschisis                               15 (60)             0 (0)               \<0.001^[c](#TFN4){ref-type="table-fn"}^
   Intestinal atresia or stenosis              6 (24)              0 (0)               0.02^[c](#TFN4){ref-type="table-fn"}^
   Omphalocele                                 3 (12)              0 (0)               0.24^[c](#TFN4){ref-type="table-fn"}^
   Malrotation                                 2 (8)               0 (0)               0.49^[c](#TFN4){ref-type="table-fn"}^
   Other GI                                    2 (8)               1 (5)               \>0.99^[c](#TFN4){ref-type="table-fn"}^
  Neurologic                                   0 (0)               1 (5)               0.47^[c](#TFN4){ref-type="table-fn"}^
  SGA/IUGR                                     3 (12)              2 (9)               \>0.99^[c](#TFN4){ref-type="table-fn"}^
  Other                                        0 (0)               1 (5)               0.47^[c](#TFN4){ref-type="table-fn"}^
  GI surgery                                   20 (80)             0 (0)               \< 0.001^[c](#TFN4){ref-type="table-fn"}^
  Medications                                                                          
   Antibiotics                                 24 (96)             14 (64)             0.01^[c](#TFN4){ref-type="table-fn"}^
   Proton pump inhibitor                       6 (24)              1 (5)               0.10^[c](#TFN4){ref-type="table-fn"}^
   H2 blocker                                  2 (8)               1 (5)               \>0.99^[c](#TFN4){ref-type="table-fn"}^
  Day of life at initiation of enteral feeds   12 (8--15)          1 (0--1)            \<0.001^[a](#TFN2){ref-type="table-fn"}^

Data are presented as median (interquartile range) or n (%).

Wilcoxon-Mann-Whitney;

Chi-square, or

Fisher's exact test.

C-section, Cesarean section; NEC, necrotizing enterocolitis; GI, gastrointestinal; SGA, small for gestational age; IUGR, intrauterine growth restricition; H2, histamine-2; TPN, total parenteral nutrition.
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